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ABSTRACT 
STUDY OF CONVERSION OF FORMALDEHYDE I N T O  
SUGAR-LIKE PRODUCTS 
The feasibility of synthesis of sugar-like products by 
&-irradiation of formaldehyde adsorbed on molecular sieve 
zeolites has been demonstrated. The conversion and product 
distribution are dependent upon both the type of zeolite as 
well as the channel configuration and dimensions. Use of Type 
A and X zeolites increased the conversion into total product 
from at least 10 to as much as 1000-times higher than when no 
matrix was present (paraformaldehyde). A mechanism has been 
proposed, dependent upon formation of electron hole traps in 
the zeolites which stabilize free radicals incident to the 
synthesis. Maximum molecular size is limited by the 11-12A 
cavity dimensions of the A and X zeolites. For straight- chain 
monosaccharides, the largest molecule contains approximately 
9-10 carbon atoms. With a decationized zeolite (Zeolon-H) , the 
pores are tunnel-like and the maximum molecular size is not 
limited. The presence of trapped electrons as well as electron 
hole traps may also affect the mechanism of synthesis. 
0 
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STUDY OF CONVERSION OF FORMALDEHYDE INTO 
SUGAR-L IKE PRODUCTS 
I. INTRODUCTION 
Extended manned space missions make reprocessing of 
biological wastes a trade-off possibility. Within this 
category, the conversion of carbon dioxide into formaldehyde 
may be assumed as a probable system. The conversion of 
formaldehyde into edible food materials then becomes an ob- 
jective which requires clarification. 
The conversion of formaldehyde into sugar-like materials 
has an impressive history. Condensation into higher molecular 
weight sugars in the presence of alkaline catalysts was reported 
by Butlerov’ in 1861. This early work and almost all additional 
studies have been concerned with the use of base catalysis. 
The reaction mechanism proceeds by an aldol-type condensation 
and is catalyzed by the products of the reaction: addition of 
glycolic aldehyde and dihydroxyacetone, two initial products, 
eliminate the induction period which is otherwide observed. 2 
BaleZin3 suggested that hydrous calcium oxide not only provides 
catalysis, but acts as a necessary component of an intermediate 
in the process. A comprehensive review of the extensive history 
of this process prepared by Ackerlof and Mitchell , 4  emphasizes 
the above parameters. 
In recent work,5 the kinetics of the synthesis were studied 
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1 
I I T R I  -U 60 6 2 -9 
c I 
x 
in detail. In particular, the autocatalytic nature of the 
formose reaction was confirmed. By use of a back-mixed reactor, 
partial conversion was achieved. Below 80% conversion, the 
reaction is temperature-independent with an activation energy 
approximating zero. Above 80% conversion, the reaction has a 
high activation energy explained as the result of pyranose and 
furanose ring formation from straight-chain C-5 and C-6 sugar 
products. 
e.g., C-3 compounds, need for a less acti,ve, more selective 
catalyst was indicated. 
For production of lower aldose and ketose products, 
The usual forrnose is a complex mixture of all possible 
isomers and steroisomers of C-5 and C-6 aldoses and ketoses. 
Shapira5 demonstrated that formose sugar is toxic to weanling 
rats when fed in amounts greater than 15% of the diet. Thus, 
restriction of the molecular size and complexity would have 
inherent advantages for edible uses. 
The possible primordial origin of monosaccharides from 
formaldehyde in the presence of clay minerals has not been 
demonstrated until recently. Gabel and Ponnamperu9a' found 
that naturally occurring aluminosilicates catalyzed the con- 
version of dilute M) solutions of formaldehyde at reflux 
temperatures. In the presence of kaolinite, the conversion of 
formaldehyde to monosaccharides was over 10% with approximately 
equal amounts of hexose, pentose and tetrose-triose products. 
The product distribution at higher concentration (0.33 M) was 
I l T  R E S E A R C H  I N S T I T U T E  
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appreciably changed toward lower molecular weight products. 
The concept proposed for this study was based on the 
above background plus additional information recently developed. 
First, it was demonstrated that radicals could achieve con- 
siderable stability on zeolite  surface^.^ Methyl radicals, 
generated by 8-radiation of methane sorbed on Linde Type A 
zeolite, were stored at 77OK for long periods of time and were 
identified by e.s.r. spectra. It might be expected that 8- 
irradiation of formaldehyde would lead to free radicals which, 
stabilized by the zeolite surface, might recombine in complex 
fashion to monosaccharide configurations. In contrast, carbon 
dioxide is not appreciably affected under similar conditions. 8 
A second consideration is that the pore size configuration of 
molecular sieve zeolites should place an upper limit on the mo- 
lecular size of the condensation product. The surface factor 
has been cited in selective hydrogenation catalysis. 9,10 In the 
present feasibility study formaldehyde sorbed on several zeolites 
was d-irradiated to provide monosaccharide-like products. 
11. EXPERIMENTAL 
A. Molecular Sieves 
Molecular sieves were received from two sources: Linde 
Division, Union Carbide Corporation, provided Type A and X 
products; and Norton Company, Worchester, Mass. 01606, supplied 
Zeolon-H. Representative structures and information on the 
various products used are presented in Table 1. All materials 
I l T  R E S E A R C H  I N S T I T U T E  
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Table 1 
MOLECULAR SIEVES 
Nominal 
Pore 
D i am-e t er 
Type ii Representative Structure 
5 5A 
lox 8 O.75Ca0*0.25Na20.Al2O3.2SiO2.xH 0 
1 3 X  9 1.00Na20.Al2O3.2.8SiO2xH20 
2 
Zeolon-H 10 
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were used in pellet form. 
- B. Procedure 
The sieves were activated by heating in dry helium or 
nitrogen to 5OOOC for 16 hours prior to use. A portion of 
the dry sieve was then exposed to dry formaldehyde vapors 
generated by heating paraformaldehyde (Eastman No. 421) at a 
slightly elevated temperature (100-125°C). The adsorption 
could be qualitatively followed by the heat produced. 
the inlet portion appeared to be affected by this heating, 
this fraction was discarded. Generally, the amount of formalde- 
hyde adsorbed was 10-18% by weight of the sieve: complete 
saturation was not attempted. 
Where 
The formaldehyde-sieve material was transferred to a Pyrex 
vessel, fitted with an internal finger. 
entered and samples were irradiated at a dose rate of approxi- 
mately 1 - 4  X lo5 rads/hr; dosimetry was accomplished by standard 
ferrous sulfate techniques. The exposure was generally longer 
than 132 hours for the sieves. 
The co 60 Source was 
Following irradiation, the product was extracted with hot 
water by means of a Soxhlet extractor. The water-soluble 
product was acidulated with N/10 sulfuric acid and any calcium 
sulfate product was removed. The excess sulfate ion was 
precipitated with a slight excess of barium hydroxide solution. 
After filtration, carbon dioxide was bubbled through the so- 
lution to remove barium ion a s  barium carbonate. The clear 
aqueous solution was then evaporated to dryness with a slow 
l l T  R E S E A R C H  I N S T I T U T E  
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stream of air under a slight vacuum at 6OOC. The above procedure 
was not used for the 13X and Zeolon-H sieves, since acidulation 
produced no precipitate. 
Paraformaldehyde After 99.6 g of paraformaldehyde was irradiated 
for 64 hours, the material was extracted with hot water for about 
one hour. The extract was evaporated to dryness at 50-60°C under 
a slight vacuum. 
C Paper Chromatoqraphy 
Separation of the water-soluble product was accomplished by 
paper chromatography for the 1 O X  product. Elution with pyridine- 
water-ethyl acetate produced a series of bands. Development with 
silver nitrate produced dark colored bands suggestive of the pre- 
sence of reducing compounds. These products were not further 
characterized. 
D. Gas Chromatoqraphy 
The comprehensive study of Seeeley et all1 was used to pre- 
pare trimethyl silyl derivatives for evaluation by gas-liquid 
chromatography. The standard procedure comprised the reaction of 
approximately 10 mg of dry sample with 0.2 ml of hexamethyldisila- 
zane in the presence of 0.1 ml of trimethylchlorosilane as catalyst, 
all contained in 1 ml of pyridine sohent under anhydrous con- 
ditions. The reagent was obtained in diaphragm-capped bottles from 
Pierce Chemical Company, Rockford, Illinois 61105, under the trade 
name, TRI-SIL. The experimental silylations were performed at room 
temperature in a l-dram sample ,vial capped with a silicone septum. 
Generally, 1-2 hours were allowed for completion of the reaction 
which occurred at room temperature in the case of standard compounds 
6 
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but at 60-65OC for some of the complex mixtures. 
Sweeley et recommended several packings for accomplish- 
ing the separation of the silyl ether derivatives. For a broad 
spectrum of products, 3% SE-52 (a dimethyl silicone polymer) on 
Chromasorb (acid-washed and silanized with trimethylchlorosilane) 
was recommended. The liquid phase was applied by the coating 
procedure described by Parcher and Urone. l2 
utilized fluidization to distribute the SE-52 uniformly on the 
80-100 mesh support. An eight-foot column of 0.125-inch O.D. 
tubing was used. 
This technique 
In the procedure, small samples of the clear solution 
(disregarding a precipitate which always formed during the 
preparation) were injected. The samples ranged in size from 
0.3 to 0.5 p 1  (microliters). With a helium flow of 25 ml/min., 
a hydrogen flow of 25 ml/min. and an air flow of 200-350 ml/min., 
the initial isothermal column temperature was maintained at 
105OC for 0.2 hours; the column was then programmed to rise 
at the rate of 4OC/min. to 25OoC, where isothermal operation 
was again resumed. The injection port was maintained at 225OC 
and the flame ionization detector at 270OC. 
equipped with flame ionization detection, was used. 
An Aerograph 1520, 
Good separation of many monosaccharides through hexose 
compounds was obtained. Results obtained with pure standards 
are listed in Table 2. In the analysis of complex product 
mixtures, it was necessary to correct the analysis for the 
I l t  R E S E A R C H  I N S T I T U T E  
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Table 2 
GAS CEIROMATOGRAPKY OF TRIMETHYLS ILYL DERIVATIVES 
OF MONOSACCHARIDES AND RELATED COMPOUNDS 
No. of 
No. of Active 
--- C Atoms H ' S  
3 
4 
2 
3 e 1  
2 1 
3 2 
3 
2 
5 
5 
4 
5 
5 
6c 
6 
6 
6 
6 
6 
6 
6 
9d 
1 
1 
4 
4 
4 
4 
4 
4c 
5 
5 
5 
5 
5 
6 
5 
g d  
Compound 
Isopropyl alcohol 
1 -Butanol 
Ethylene glycol 
Acetol (hydroxy acetone) 
Glycolic acid 
1,3 Propanediol 
Gylcer ine 
Glycolaldehyde 
Pentaerythritol 
L -Arabinose 
d-Tartaric acid 
D-Ri bos e 
D- Xy 1 os e 
1,3-Hydroxy,2-propanone C 
D-Mannose 
D-Fructose 
D-Galactose 
D-Glucose 
D-Mannose 
Sorbitol 
OC, D-Glucose 
1,3-Hydroxy, 2-propanone d 
Retention Time 
hrs. x10-1 
0.10 
0.12 
0.23-0 28a 
0.31 
0.45 
0.25-0. 28a 
0.38-0. 41a 
0.69 
1.56 
1.56 
3.42 
4.10 
4.19 
4.22-4 .31b 
4,38 
4.69-4.88a 
4.95 
5.00 
5.12 
5.28 
5.34 
5.40 
5.63 
6.16-6.44a 
-I_ -- 
a Doublet peaks. bunresolved doublet. C Dimer. dTrimer- 
I l T  R E S E A R C H  I N S T I T U T E  
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presence of solvent-reaction mixture. 
and the corresponding unreacted solvent-reaction chromatograms 
are plotted on the same graph for comparison at identical 
attenuations. 
Thus, both the product 
111. RESULTS 
A. 5 A  Molecular Sieve 
- 
The water-soluble products received from irradiation of 
formaldehyde adsorbed on 5 A  molecular sieve was 1.5% after 
132 hours (Table 3 ). 
by irradiation of paraformaldehyde. 
zeolite matrix has increased the conversion of formaldehyde 
some 13 times. 
Figures 1 and 2 based on the calibration of Table 2 permits 
study of the product distribution. 
This can be compared with 0.11% obtained 
The use of the Type A 
Use of somewhat arbitrary division points in 
The primary product formed from formaldehyde irradiation 
This would suggest that appears to be the pentose materials. 
the initial reactions might comprise: 
b-irradiation + C H 2 0 4 b C H 2 0 *  + e (1) 
(2 )  
( 3 )  
( 4 )  
CH20* + C H p  4 (CH20) 2* 
( C H 2 0 )  * 2 + ( C H p  2 - ( = 2 0 ) * *  
e + ( c H ~ O )  2* +(cH*o) 
(cH20) * 4  + CH20 ' ( c H 2 0 )  5* (5)  
e + ( c H ~ o ) ~ *  '(c~20)5 (6) 
This sequence of events is indicated by the many product 
peaks appearing in the chromatogram of Figure 1 for paraformalde- 
hyde; a random product distribution is shown by the smooth curves 
IIT R E S E A R C H  I N S T I T U T E  
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Table 3 
ADSORPTION- IRRADIATION OF 
FORMALDEHYDE ON MOLECULAR SIEVES 
Mo 1 ecu 1 ar Para- 
5A -- Sieve-. Formaldehyde 
0 
- 5 Nominal Pore Dia., A 
Irradiation Dose 
rads x lo7 0.89 1.7 
Formaldehyde adsorbed % -- 13 .O 
1.5 
Water-soluble Products, moles/ 
100 moles formaldehyde 
adsorbed 
Water- soluble Products, % 0.11 
c4 0.02 0.09 
c5 0.06 0.40 
C6 0.01 0.27 
Higher 
Conversion, moles/ 
100 moles formaldehyde 
adsorbed 
c4 
c5 
C6 
Higher 
0.02 
0.11 
0.74 
1.50 
19 6 
52 27 
13 18 
2 
100 
lox 
8 
5.3 
14.0 
11.3 
2.0 
3.4 
2.3 
11.3 
3.6 
18 
30 
20 
- 49 32 
100 100 
l l T  R E S E A R C H  I N S T I T U T E  
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13X 
9 
-
2.2 
14.3 
11.7 
2.7 
4.2 
2.2 
11.7 
2.6 
23 
36 
19 
100 
22 
I I I I I 
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of Figure 2 f o r  5A z e o l i t e  product. 
be an in te rmedia te ,  glycolaldehyde, which could not be resolved 
because of t h e  r e l a t i v e l y  high v o l a t i l i t y  of t h i s  compound i n  
t h e  mixture: i t s  appearance would be obscured by t h e  so lven t  
peak. 
B. 1OX and 13X Molecular Sieve 
The ( C H 2 0 ) 2  above could 
Data f o r  1OX and 13X z e o l i t e s  a r e  presented i n  Table 3. 
Gas chromatograms a r e  presented i n  Figures3, 4, 5 ,  and 6. The 
dominant c o n s t i t u e n t s  produced a peak i n  t h e  pentose region a s  
a consequence of r e a c t i o n s  depicted above. However, u s e  of 
t h e s e  Type X z e o l i t e s  increased t h e  conversion nea r ly  ten- fo ld .  
Along wi th  t h e  formation of t h i s  primary product ,  C-6 and 
m a t e r i a l  above C-6 a r e  formed i n  g r e a t e r  amounts. These se- 
condary decomposition products a r e  induced by extended i r r a d i a -  
t i o n  which both  b u i l d s  and des t roys  complex molecules. The 
adsorp t ion  of t h e  compounds on t h e  z e o l i t e  su r face  r e s u l t s  i n  
improved s t a b i l i t y  of bo th  free r a d i c a l s  and products.  
C.  Zelon-H 
The r e s u l t s  with Z e l o n - H  a r e  presented i n  Table 4 along 
wi th  t h e  da ta  f o r  paraformaldehyde. Whereas t h e  product 
maximum occurs  i n  t h e  C-5 region f o r  t h e  i r r a d i a t e d  paraformal- 
dehyde, t h e  maximum formation of product wi th  Zeolon-H i s  
h igher  than C-6 (Figure 7 ) .  Thus, t h e  na tu re  of t h e  adsorbed 
s p e c i e s  i s  s i g n i f i c a n t l y  d i f f e r e n t  with t h e  hydrogen-form of 
t h i s  z e o l i t e .  I n  t e r m s  of t o t a l  formation of products ,  Zeolon-H 
is  not  a s  e f f e c t i v e  a s  13X, which has  g e n e r a l l y  comparable pore 
IIT R E S E A R C H  I N S T I T U T E  
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Table 4 
ADSORPTION- IRRADIATION OF 
FORMALDMYDE ON ZEOLON-H 
Irradiation Dose 
rads x lo7 
Formaldehyde, adsorbed, % 
Water-soluble Products, moles/ 
100 moles of formaldehyde 
adsorbed 
c4 
c5 
C6 
Higher 
Conversion, moles/ 
100 moles formaldehyde 
adsorbed 
c4 
c5 
C6 
Higher 
Para- 
Formaldehyde 
0.89 
0.11 
-- 
0.02 
0.06 
0.01 
0.02 
0.11 
19 
52 
13 
2 
100 
Zeolon-H 
1.7 
16.0 
2.5 
0.00 
0 .oo 
0.08 
2.42 
2.50 
0 
0 
3 
97 
100 
I l T  R E S E A R C H  I N S T I T U T E  
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dimensions, b u t  t h e  formation of products h igher  than  C-6 i s  
s t r i k i n g  (compare Figure 7 with Figure 6 ) .  
I V .  DISCUSSION OF RESULTS 
--I-
A: Free Radical S t a b i l i z a t i o n  
The syn thes i s  of monosaccharides by 8 - i r r a d i a t i o n  of 
formaldehyde adsorbed on z e o l i t e  i s ,  f i r s t  of a l l ,  i n i t i a t e d  
by t h e  genera t ion  of f r e e  r a d i c a l s  of undetermined form. The 
r o l e  of t h e  z e o l i t e  i n  f r e e  r a d i c a l  s t a b i l i z a t i o n  can be 
c l a r i f i e d  by t h e  work of S t a m i r e s  and Turkevich. 13 
With aluminum present  i n  t h e  four-coordinate  s t a t e  
(A104/2) -, 8 - i r r a d i a t i o n  produces a paramagnetic d e f e c t  i n  t h e  
z e o l i t e  which inc reases  w i t h  i nc reas ing  dose r a t e .  This  X1 
c e n t e r  s i g n a l  i s  s e n s i t i v e  t o  oxygen and changes r e v e r s i b l y  
with temperature below 350°K according t o  t h e  C u r i e - W e i s s  law. 
This  f ind ing  i n d i c a t e s  t h a t  t h e  centers do not  i n t e r a c t  and 
e x i s t  i n  a homogeneous d i spe r s ion  i n  t h e  l a t t i c e  of t h e  
a luminos i l i ca t e  c r y s t a l s .  I n  a s impl i f i ed  p lanar  r ep resen ta t ion  
of t h e  d e f e c t ,  an e l e c t r o n  hole i s  loca ted  be tween  t h e  0l6 and 
atoms a s  follows: 
' + I  0 Na 0 I + I  
I I + I  1 
0 Na 0 
I 
Neither  of t h e  ad jacent  atoms has  any nuc lear  magnetic moment. 
I t  i s  i n f e r r e d  t h a t  t h e  displaced e l e c t r o n  i s  de loca l i zed  and 
migrates  over t h e  e n t i r e  a luminos i l i ca t e  l a t t i c e .  
With r e spec t  t o  5 A  molecular s i e v e ?  it should be noted 
l l T  R E S E A R C H  I N S T I T U T E  
20 
I I T R I  -U6062-9 
i 
t h a t  t h e  S i / A 1  r a t i o  i s f / l .  Thus, t h e  c r e a t i o n  of s u i t a b l e  
s i tes  between two adjacent  ( S i 0  ) i s  minimal compared w i t h  
Type X and Zeolon z e o l i t e s .  Also,  cons ider ing  t h e  f i e l d  
g rad ien t  and e l e c t r o s t a t i c  f i e l d  i n  t h e  ( S i 0  ) u n i t  loca ted  
next t o  t h e  (A104/2)-Na+ te t rahedron ,  it seems l i k e l y  t h a t  
& - i r r a d i a t i o n  w i l l  produce less hole  d e f e c t s  than  would be 
present  i n  a Type X s i e v e  ( S i / A l  = zr8/1). This  event  was 
4/2 
4/2 
1 e t  
observed i n  t h e  c u r r e n t  study. Both 1OX and 13X z e o l i t e s  
produced much g r e a t e r  q u a n t i t i e s  of water-soluble products than  
d i d  t h e  5A z e o l i t e .  
The e.s.r.  spec t r a  of decat ionized z e o l i t e s  was found 
t o  be apprec iab ly  d i f f e r e n t .  I n  add i t ion  t o  t h e  X1-signal, a 
s ix - l ined  hyper f ine  s t r u c t u r e  was observed (X,). This  was 
assumed t o  be due t o  t h e  i n t e r a c t i o n  of a t rapped e l e c t r o n  with 
t h e  nuclear  moment of A 1 2 7 .  This  s i g n a l  i s  a s soc ia t ed  w i t h  
three-coordinated ( ~ 1 0  ) sites and i s  not  a f f e c t e d  by  oxygen. 
The extremely high r a t i o  of S i / A l  i n  Zeolon-H (M/l) suggests  
t h e  p o s s i b i l i t y  of considerable  three-coordinat ion of aluminum 
5 3/2 
and, t h e r e f o r e ,  t h e  Zelon-H z e o l i t e  would have not only e l e c t r o n  
ho le s ,  b u t  a l s o  t rapped e l e c t r o n s  from t h e  & i r r a d i a t i o n .  The 
mechanism of r e a c t i o n  induced by t h e  deca t ion ized  z e o l i t e ,  
Zeolon-H, should be markedly d i f f e r e n t  from t h a t  of e i t h e r  
Type A o r  X z e o l i t e s .  
d i f f e r e d ,  both i n  magnitude of conversion and i n  product 
d i s t r i b u t i o n .  
The da ta  from t h e  Zeolon-H experiment 
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B. Geometric E f f e c t s  
The s t r u c t u r e  of Type A and X z e o l i t e s  has  been shown t o  
c o n s i s t  of cuboctahedral  c a v i t i e s  j o ined  t o g e t h e r  i n  t e t r a h e d r a l  
coord ina t ion .  l4 
channels  in te rconnec ted  through l a r g e r  c a v i t i e s .  Each c a v i t y  
has  a f r e e  diameter  of 1 1 - 1 2 A  and i s  connected t o  f o u r  o t h e r  
s i m i l a r  c a v i t i e s  through te tahedra l ly-ar ranged  access  ports. 
These ports compose 1 2  s i l i c s  and alumina t e t r a h e d r a  which 
have an approximate diameter  of e i t h e r  4-5 o r  8-9 (Type A o r  
Type X z e o l i t e s ,  r e s p e c t i v e l y ) .  Fu r the r  small  c a v i t i e s  exis t  
b u t  t h e s e  a r e  not  a v a i l a b l e  except  t o  small  molecules. A 
c a t i o n  is as soc ia t ed  wi th  every (A104)- u n i t  t o  g ive  e l e c t r i c a l  
n e u t r a l i t y .  By exchange replacement of Na+ wi th  Ca , t h e  
access  p o r t  s i z e s  can be changed, a s  i nd ica t ed  i n  Table  1. The 
k i n e t i c  energy and e l a s t i c i t y  of incoming molecules a l lows 
The phys ica l  s t r u c t u r e  comprises series of 
0 
++ 
0 
passage of molecules up t o  0.5 A l a r g e r  than  t h e  f r e e  diameter  
of t h e  ape r tu re .  
With Type A and X z e o l i t e s  con ta in ing  e i t h e r  a l k a l i n e  o r  
a l k a l i n e  e a r t h  c a t i o n s ,  t h e  i n t e r a c t i o n  of an adsorbed molecule 
w i t h  t h e  l a t t i c e  is weak and may be c l a s s i f i e d  a s  'van d e r  Waals 
adso rp t ion .  P a r t i a l  o r  complete removal of t h e  c a t i o n  can be 
e f f e c t e d  by forming f i r s t  t h e  NH4 - f o r m  by ion exchange and 
t h e n  removal by outgass ing  a t  50OOC. Electron-accept ing si tes 
+ 
a r e  produced which e.s.r. s t u d i e s  show are  a s s o c i a t e d  wi th  
(A103,*) uni t s .15  
i n  comparison wi th  a maximum number of 2 x lo2' deca t ionized  
These reach a maximum of 1 .5  x lo1' sp ins /g  
l l T  R E S E A R C H  I N S T I T U T E  
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sites/g. With the low ionization potential molecule, triphenyla- 
mine ( C  H )N, perturbation of the surface is much stronger and 6 5  
an electron change-transfer complex, kC6H5)  3N]' 0 A 1 0 3 / 2 f l - ,  is 
formed; the free radical structure is stabilized due to the 
rigid electron-accepting sites of the crystal lattice. The 
maximum quantity of ( C 6 H 5 ) N  which can be adsorbed is limited 
by the effective volume of each molecule. Thus, one molecule 
per cavity is permitted (with perhaps some solvent). The 
maximum number of three-coordinated sites is one per large 
cavity, or 3 x lo2' sites/g : this is only 2 0  times larger than 
that determined experimentally. Since the aluminosilicate 
structure is not altered, the above findings demonstrate that 
the pores are molecular in size with nearly a 1-to-1 correspon- 
dence of cavities and electron hole sites-produced by If-irradia- 
tion. 
Zeolon is a synthetic mordenite of rather recent develop- 
ment . Studies comparable to that of A and X zeolites are 
not yet available. The mordenite structure17 has the aluminosi- 
licate framework, comprised of five-membered rings of tetrahedra 
with a free diameter of 6.6 A; these provide a system of tunnel- 
0 
like channels: interconnection by relatively small channels 
( 2 . 8  A free diameter) does not allow inter-channel access to 
0 
most molecules. Because of the high S i / A 1  ratio, the content 
of ( A 1 0  ) sites in the channels would be high. Thus, the 
ability to stabilize free radicals and electrons produced by 
&-irradiation would be high. Zeolon-H is a decationized 
3/2 
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synthetic mordenite where the cation has been replaced by Hf, 
and the tunnel structure of approximately 10A diameter extends 
for long distances in contrast to the interconnected cavity 
structure of A- and X-zeolites. 
0 
In related catalytic reactions, the use of the aluminosili- 
cate channels for hydrogenation selectivity of large linolenic 
glyceride molecules was shown:" only the tail end of the long 
C-18 molecule was depicted as having access to catalytic sites 
within the zeolite channels. In a study of X-type molecular 
sieves for the alkylation of benzene by ethylene, the size of 
occluded large molecules was limited by the pore dimensions of 
the catalyst structure:'* ethylene polymerization also produced 
large molecules limited in maximum size by the catalyst pore 
dimensions. 
These studies suggest that monosaccharides synthesized 
within A- and X-zeolites will be limited in maximum size by the 
cavity dimensions of the open lattice structure, that free 
radical stabilization and synthesis will be highest with the 
X- and Zeolon-H zeolites and that the Zeolon-H zeolites di- 
mensions will not limit appreciably the maximum possible mo- 
lecular size of the synthetic monosaccharides. 
C. Mechanism of Monosaccharide Synthesis 
The initiation of synthesis is caused by &irradiation of 
formaldehyde to produce free radicals of undetermined structure. 
A limited degree of synthesis was possible when paraformaldehyde 
I I T  R E S E A R C H  I N S T I T U T E  
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was &irradiated. After adsorption of formaldehyde upon zeo- 
lites, the free radicals are much more stable as demonstrated 
by the stability of the methyl radi~al.~ This effect was 
demonstrated by the greater degree of synthesis (13-fold increase) 
with Type A zeolite due to free radical stabilization by 
electron-hole traps in the lattice. Similar experiments with 
Type X zeolites caused a further 10-fold increase in synthesis 
due to the greater amount of electron hole traps possible for 
free radical stabilization. The maximum size of the synthetic 
product was limited by the cavity dimension of 11-12 A. This 
corresponds to a straight-chain monosaccharide of approximately 
9-10 carbon atoms. The tailing of the gas chromatograms suggests 
that the maximum chain length is cut off at about this length. 
0 
The nature of the product distribution of monosaccharides 
is not readily inferred from the access pore diameter. In the 
case of the SA zeolite, some importance might be attached to 
the 5 A port as a factor in synthesis. However, the greater 
0 
electron hole trapping capability of the larger-pored 1OX and 
13X zeolites does not allow this comparison. There is a slight 
difference in access ports of the 1OX and 13X sieves (8 and 9 
0 
A diameter); the similarity of conversions and product distri- 
bution suggests that this difference did not contribute 
appreciably to the synthesis mechanism. The calcium content 
of the 5A and 1OX sieves has no apparent bearing on the product 
synthesis; this contrasts markedly to the reaction in aqueous 
solutions where calcium ion has a significant catalytic 
I l l  R E S E A R C H  I N S T I T U T E  
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The mechanism of synthesis with decationized Zeolon-H is 
appreciably different from that of both the A- and X-molecular 
sieves. According to the proposed mechanism, not only can 
electron hole traps stabilize free radical formation but 
electrons themselves can exist in stable form on the (A103,*) 
sites thereby prolonging free-radical synthesis. In addition, 
the matrix comprises essentially long channels, approximately 
10 A in diameter. Thus, there is no limitation on molecular 
size. 
of formaldehyde adsorbed on Zeolon-H zeolite is in agreement 
with this view. 
tion during extended exposure of these relatively large molecules. 
One aspect of the monosaccharide synthesis was not achieved-- 
0 
synthesis of c6- and higher monosaccharides by irradiation 
The low conversion suggests product decomposi- 
isolation of specific monosaccharide entities. Undoubtedly, 
8-irradiation produces product distributions which are more 
random than those achieved by chemical syntheses. However, the 
products are water-soluble, reducible compounds which, upon 
silylation, convert to complex mixtures of compounds with 
volatilities similar to that of natural monosaccharides. If 
large amounts of irradiated product were available, identifica- 
tion of specific compounds would be possible. 
V. CONTINUOUS SYNTHESIS OF SUGAR AND FUTURE RESEARCH 
Obviously, it is impossible to discuss an operating system 
for sugar production on the basis of this feasibility study. 
However, it is possible to indicate that a process could be 
I l l  R E S E A R C H  I N S T I T U T E  
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devised even with the preliminary information now available. 
Thus, catalyst beds containing 100 lbs of zeolite (2.27 cu. ft) 
would produce approximately 0.5 lbs of water-soluble product 
per day according to a scheme proposed in Table 5. 
as now prepared would not be suitable for human consumption. 
The crude product, at best, is only faintly sweet and requires 
considerable study for classification as edible. Divided into 
four beds containing 25 lbs of zeolite, a degree of continuity 
would be attained with batch processing. 
Several directions for future research are suggested. 
First, it may be possible to decrease the irradiation dose 
of the process. It is possible that the experimental irradia- 
tions used are orders of magnitude higher than necessary. Se- 
cond, with the aid of the mechanism proposed, it may be possible 
to select zeolites which will maximize monosaccharide synthesis 
for selected molecular ranges, e.g., for C-3, C-5 or C-6. This 
selectivity would be achieved by the pore dimensions and type 
of zeolite. Third, a logical extension of the proposed synthesis 
is to utilize hydrogen for chain stopping. 
selectivity for C-3 product and hydrogenation might produce 
glycerol in one step. 
glycerol is edible and has none of the isomeric complications 
of larger molecules. Fourth, with the optimum zeolite and 
suitable irradiation conditions, it will be necessary to study 
the recovery of unreacted formaldehyde and conversion to by- 
products. In the current study, neither unreacted formaldehyde 
The product 
In particular, 
Of the myriad of possible products, 
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Table 5 
CONTINUOUS PRODUCTION OF SUGAR-LIKE PRODUCTS 
Step Nominal 
No. Process Time, hrs. 
1 
2 
3 
Activate zeolite at 5OOOC 
and high 'vacuum 
Formaldehyde adsorption 
&-Irradiation 
16 
2 
20 
4 Product extraction 2 
5 Solvent removal, zeolite 
drying at l l O ° C  and vacuum 
Total cycle 
I l T  R E S E A R C H  I N S T I T U T E  
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nor low molecular weight byproducts were determined. 
the possibility of zeolite regeneration and continuous pro- 
cessing should be considered. 
VI. SUMMARY 
Fifth, 
A process has been demonstrated for the experimental 
conversion of formaldehyde into sugar-like products. The pro- 
cess comprises If-irradiation of formaldehyde adsorbed on 
zeolites. In a single contact, the conversion of formaldehyde 
to water-soluble, reducible products is approximately lo%, but 
may be either higher or lower. Based on the present study and 
e.s.r. findings of others, a synthesis mechanism has been pro- 
posed. The &-irradiation causes the formation of free radicals 
from formaldehyde: the zeolite acts to stabilize free radicals, 
both in initiation and in growing chains, by providing rigid 
electron traps: the chains continue to grow until termination 
by either a chain-stopping event or eventually by the physical 
dimensions of the zeolite cavity (11-12 A for A and X zeolites): 
0 
this sequence produces up to some 1000 times more product than 
in the absence of zeolite. With another zeolite with a tunnel- 
like matrix, the product distribution is radically different and 
much longer chains were possible. 
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